OBJECTIVES: Carbohydrate feeding stimulates, and fasting decreases the sympathetic nervous system activity and brown adipose tissue (BAT) thermogenesis. This study was performed to assess the hypothesis that these effects were secondary to changes in insulin concentrations in the central nervous system. METHODS: BAT sympathetic activity was assessed by comparing 3 H-GDP binding to isolated mitochondria of innervated and denervated interscapular BAT of three groups of 10 week old male Wistar rats: food-restricted, 48 h fasted or ad libitum fed. During the three days preceding this measurement, animals received a continuous intracerebroventricular (icv) infusion of insulin (0.48 U/d) or vehicle. RESULTS: In food-restricted rats, 3 H-GDP binding to mitochondria of innervated BAT was 41% higher than that to denervated BAT. Icv insulin did not stimulate 3 H-GDP binding in innervated and denervated BAT. In 48 h fasted rats, 3 H-GDP binding to mitochondria of innervated BAT was reduced by 30±50%, while the activity of denervated BAT was minimally affected. Icv insulin did not prevent this fasting-induced drop in BAT. In rats fed ad libitum, icv insulin decreased food intake by 17% (P`0.05) and increased 3 H-GDP binding to innervated BAT by 27% (P`0.05). CONCLUSION: Intracerebroventricular insulin stimulates BAT activity in rats fed ad libitum but not in food-restricted or fasted rats. This demonstrates that the decrease in BAT activity observed during fasting is unlikely to be due to a decrease in insulin concentration in the nervous system.
Introduction
Administration of carbohydrates in man stimulates sympathetic nervous system activity, as indicated by increases in plasma noradrenaline concentration 1 and in muscle sympathetic nerve activity (the latter measured by in vivo microneurography of the lateral peroneal nerve). 2, 3 Carbohydrates also elicit an increase in energy expenditure, part of which can be suppressed by b-adrenergic antagonists. 4 In rodents, this carbohydrate-induced increase in energy expenditure results mainly from a stimulation of thermogenesis in brown adipose tissues (BAT). 5 Several observations suggest that insulin per se may be responsible for the activation of sympathetic neurones, possibly through actions exerted at the level of the central nervous system. In man, sympathetic nervous system activity is markedly stimulated during an euglycaemic hyperinsulinaemic clamp, but not during an infusion of fructose which elicits a similar increase in carbohydrate metabolism and oxidation without increasing plasma insulin concentrations. 6 In rats, subcutaneous insulin administration increases the resting metabolic rate. 7 Furthermore, intracerebroventricular insulin administration in fasted rats stimulates weight loss, suggesting an increase in energy expenditure. 8 Such a direct action of insulin on the central sympathetic neurones has however not been demonstrated.
The purpose of this study was to determine whether insulin exerts a direct stimulatory action on sympathetic neurones within the central nervous system. To test this hypothesis, we assessed, in rats fed 80% of their requirements, fasted for 48 h or fed ad libitum, the effects of intracerebroventricular (icv) insulin infusions on 3 H-GDP binding to interscapular BAT mitochondria which represents an index of BAT thermogenic activity. Unilateral denervation of interscapular BAT allowed us to determine the role of the sympathetic nervous system in this activity.
Methods

General procedures
Ten week old male Wistar rats (purchased from IFFA CREDO, Saint Germain-sur-Arbesle, France) were studied in these experiments. Seven days before the studies, rats were anaesthesized with Ketamine and an icv cannula was stereotaxically positioned into the right lateral ventricle and was cemented to the skull. 9 At the same time, unilateral right denervation of interscapular brown adipose tissue was performed. 10 A catheter was also inserted into a jugular vein for subsequent blood collection. Rats were thereafter housed individually for one week prior to the experiment and were maintained in environmentally controlled quarters at 22±23 C with a ®xed light (7:00 am±7:00 pm)Ðdark (7:00 pm±7:00 am) cycle and unlimited access to water. Standard laboratory chow was provided as described (UAR A40 Villemoisson-sur-Orge, France). At day 0, an osmotic minipump (Alzet 2001, Alza Corporation, Palo Alta, CA, USA) was implanted subcutaneously in the cervical region under ether anaesthesia and was connected to the icv cannula. Saline solutions containing 0.1% bovine serum albumin with or without insulin were infused through this osmotic minipump. Adequate delivery of insulin through this type of pump was checked in vitro.
Experimental protocols
Protocol 1 (icv insulin in food-restricted rats). In this protocol, 20 rats were fed a chow diet providing 80% of their usual food consumption from day 0 to day 2. Food was withdrawn at 12 pm on day 2. 0.48 U/ d crystalline insulin (Actrapid HM 100 U/ml, Novo Nordisk, Copenhagen, Denmark) (n 11) or vehicle (n 9) were infused icv through the osmotic minipump. On the morning of the third day, a blood sample was collected to determine plasma insulin, glucose and corticosterone concentrations. Thereafter, rats were killed by decapitation, and their innervated and denervated BAT were rapidly removed and dissected for determination of 3 H-GDP binding to isolated mitochondria. The osmotic minipumps were visually inspected to ensure proper delivery of insulin.
Protocol 2 (icv insulin in 48 h fasted rats). Ten rats were studied in this protocol which was identical to protocol 1 except that all food was withdrawn since the morning of day 1. Five rats were infused icv with 0.48 U/d crystalline insulin and the other ®ve were infused with vehicle.
Protocol 3 (icv insulin in rats fed ad libitum). Ten rats were studied in this protocol. Rats were fed chow diet ad libitum. The protocol was identical to protocol 1, but in addition, food intake was recorded daily. Five rats were infused with 0.48 U/d crystalline insulin and were compared to ®ve control animals.
Analytical procedures
The right and left intrascapular BAT were separated immediately after dissection and were homogenized in sucrose 250 mmol/l. Isolated mitochondria were obtained from this homogenate, as described by Nedergaard et al 11 3 H-GDP (New England Nuclear, Boston, MA, USA) binding to isolated mitochondria was assessed according to Trayhurn et al. 12 Protein concentration was assessed on an aliquot of BAT mitochondrial suspension using the micro bicinchonic acid (BCA) protein assay kit from Pierce, Rochford, Illinois, USA. Results of 3 H-GDP binding were expressed per mg protein. Plasma insulin was determined by RIA (using a kit from LINCO, St Charles, MO, USA). Plasma corticosterone was determined by RIA. 13 Plasma glucose was measured by the glucose oxidase method using a Beckman glucose analyzer II (Beckman Instruments, Fullerton, CA). H-GDP binding to mitochondria of innervated and denervated BAT obtained in the same protocol were compared with paired t-tests.
Statistical analysis
3 H-GDP binding and hormone and substrate concentrations obtained were compared by ANOVA and unpaired t-tests in protocol 1 and by Mann-Whitney U-test in protocols 2 and 3.
Results
Protocol 1
Icv insulin administration in food-restricted rats In this protocol, unilateral denervation of interscapular BAT in animals receiving an icv infusion of saline resulted in a signi®cant 41% reduction of (Table 1) .
Protocol 2
Icv insulin administration in 48 h fasted rats In animals receiving icv saline and fasted for 48 h, plasma insulin concentration decreased by 87% (P`0.004) compared to food-restricted rats (Table  1) . Corticosterone concentrations were increased by 43% (P`0.005) in saline infused and by 167% (P`0.005) in insulin infused animals, whereas glucose concentrations were decreased by 3% (ns) and 32% (P`0.005) ( Table 1) . 3 H-GDP binding tended to decrease in innervated, but not in denervated BAT (Figure 1, right panel) . Continuous icv insulin infusion did not prevent the decrease in 3 H-GDP binding to mitochondria of innervated BAT induced by a 48 h fast, and did not alter plasma insulin corticosterone, or glucose concentrations (Table 1) .
Protocol 3
Icv insulin in rats fed ad libitum. Plasma insulin concentration in these animals was increased by 70% (P`0.005) and plasma glucose concentration by 28% icv insulin and BAT C Mu Èller et al (P`0.01) compared to food-restricted animals. Spontaneous, ad libitum food intake was reduced by 22% in insulin infused rats (P`0.05) (Figure 2 ). Icv insulin also increased 3 H-GDP binding to innervated BAT by 21% (P`0.05), but did not alter 3 H-GDP binding to denervated BAT (Figure 2 ).
Discussion
Several reports published in the literature indicate that insulin exerts a stimulatory action on sympathetic nerve cells targeted to BAT in rats or to skeletal muscle in man. 1, 3, 6, 7, 14 This study was aimed to further assess the hypothesis that insulin stimulates the sympathetic nervous system through a direct action on sympathetic neurones within the central nervous system. For this purpose, we monitored the effect of a continuous icv infusion of insulin over 60 h on intrascapular BAT of normal Wistar rats.
3 H-GDP binding to isolated mitochondria was used as an index of thermogenic activity of BAT, and the portion of this activity which could be speci®cally attributed to sympathetic nervous system activity was assessed by comparing the values obtained in unilaterally denervated BAT to the values obtained in the contralateral, innervated BAT.
In a ®rst set of experiments, it was observed in food-restricted rats that denervation decreased 3 H- H-GDP binding to mitochondria of innervated (I) or denervated (D) brown adipose tissue and spontaneous food intake of rats fed ad libitum without (controls) and with icv insulin infusion (insulin icv) (protocol 3). *P`0.05 vs controls.
icv insulin and BAT C Mu Èller et al GDP binding to BAT mitochondria by 50%, indicating that a major portion of 3 H-GDP binding was under the control of the sympathetic nervous system. Icv insulin however failed to stimulate 3 H-GDP binding to innervated BAT or the innervated to denervated binding ratio. This ®nding was corroborated by the determination of the uncoupling protein content of the mitochondrial fraction of BAT by immunoblot (data not shown). The same dose of insulin administered icv decreased spontaneous food intake in animals fed ad libitum, indicating that it actually increased insulin concentrations in the central nervous system. We considered the possibility that the dose of insulin administered icv may have stimulated whole body glucose disposal. Such an effect may produce a lowering of blood glucose, which, by inhibiting BAT sympathetic activity, 15 may obscure stimulatory action of insulin. This was however obviously not the case since plasma glucose concentration was not altered by icv insulin administration. The hypothesis that sympathetic nervous system activity was altered as a consequence of the surgical stress or of the test procedures per se appear also unlikely in regard of the normal corticosterone levels observed.
In the second set of experiments, rats were studied after a 48 h fast, which substantially decreased their plasma insulin and to a lesser extent, glucose concentrations. This treatment decreased 3 H-GDP binding in innervated BAT while minimally affecting denervated BAT activity. This observation indicates that a decreased sympathetic activity is for a large part responsible of the drop in BAT activity during prolonged fasting. In this situation also, icv administration of insulin failed to increase BAT activity.
These results clearly indicate that, in food-restricted animals, chronic icv insulin administration does not increase BAT sympathetic nerve activity through direct actions on neurones within the central nervous system. This contrasts with our observation that, in animals fed ad libitum, icv insulin stimulated 3 H-GDP binding to innervated BAT, and with the reports of several 16, 17 but not all 18 investigations that acute or chronic insulin administration activates BAT. They suggest that insulin activates sympathetic nervous system through complex interactions with nutrients rather than by a direct action. In support of this explanation, it has been demonstrated that icv glucose infusion alone, 19 or in combination with insulin, 16 stimulates the ®ring rate of sympathetic nerves to BAT. Several studies performed in human subjects however demonstrate that insulin activates sympathetic nerves targeted to skeletal muscle. It remains therefore possible that insulin exerts different actions on BAT and skeletal muscle sympathetic activity. In support of this interpretation, it has been observed that systemic administration of insulin and glucose 20 or icv insulin administration 21 acutely increases lumbar, but not renal sympathetic activity.
Although this study demonstrates that central insulin administration does not directly activate BAT in food-restricted animals, several observations indicate that insulin is nevertheless involved in the regulation of the BAT sympathetic activity. Subcutaneous insulin administration stimulates BAT in normal rats. 22 Geloen et al 10 also observed that sympathetic activity was decreased in BAT of streptozotocin diabetic rats and was partially restored by insulin therapy. Our observation of a reduction in both plasma insulin and BAT sympathetic activity in animals fasted for 48 h also suggests, as initially proposed by Young and Landsberg 23, 24 that a decrease in systemic insulin concentration may contribute, directly or indirectly, to this suppression of sympathetic activity. However, failure of icv insulin to restore BAT sympathetic activity in the present experiment suggests that this action of insulin may be exerted in part outside the central nervous system, possibly through increased glucose metabolism in insulin sensitive tissues. This hypothesis supposes the release of an, as of yet, unrecognised factor able to stimulate the sympathetic nervous system in response to insulin. Alternatively insulin may modulate the effects of nutrients at the level of the central nervous system.
Conclusions
These studies provide evidence that increased insulin concentration in the central nervous system stimulates BAT sympathetic activity in rats fed ad libitum, but not in food-restricted or fasted animals. This indicates that interactions between metabolic fuels and insulin at the level of the central nervous system are involved in BAT activation. It further demonstrates that the decrease in BAT activity observed during fasting is unlikely to be secondary to a decrease in insulin concentrations in the central nervous system.
